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A search for the balance between weight reduction and durability of a structure has 
always been a popular topic within the aerospace industry. Among numerous researches 
to improve a structure’s fatigue life, processes on mechanically fastened joints have been 
a topic of focus as it is naturally a discontinuity in the material leading to a local stress 
concentration under loading. Cold expansion is a well-known technique with a wide 
range of applications in both new and repaired structures. The benefits include the 
extension of fatigue life and a delay in crack growth without addition of weight. 
However, localized galvanic corrosion may be induced, since cold-worked holes are often 
fastened to dissimilar materials. While cold expansion on holes with initial cracks has 
shown to obtain the same benefits in previous research, another step must be taken to 
simulate realistic applications in aggressive environments. In this research, a relationship 
between crack propagation and secondary crack initiation will be established for 
AA2024-T3 cold worked holes subjected to cyclic loads to determine the impact on 
fatigue life of joints in presence of saline solution, including Stress Intensity Factor (SIF) 
adjustments in the Linear Elastic Fracture Mechanic (LEFM) equations to account for 
those effects. Galvanic corrosion of a steel fastener/aluminum plate assembly will be 
investigated assuming the presence of cracks in the aluminum plates. The specimens will 
be prepared to include an open hole with enough distance to allow cold expansion of 
commercial interest and will contain induced fatigue flaws. The cracks will be monitored 
in-situ with a digital microscope following pre-established cycle milestones. A special 
setup will be designed to accommodate the specimen with fastener bolt in presence of 
saline solution in a fatigue test machine.  
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Fracture control and prevention of a structure becomes key in assuring a safe 
lifetime during operational service for engineered products and structures of many 
industries, including the aerospace industry. However, there is always a fine balance 
between safety and cost. The grounding of an aircraft can lead to downtime costs, 
maintenance costs, and repair fees, but overlooking a sign of damage could lead to 
catastrophic failure and loss of lives in the worst case scenario. In order to assure safety 
in a cost effective way, major failure modes have been investigated and researched to 
come up with effective counter measures.  
In the following sections, an overview of fatigue in relation to aerospace 
applications will be presented. Another major topic in this research is cold expansion. 
The concept of this anti-fatigue technique, especially the split sleeve expansion method, 
will be introduced. In addition, galvanic corrosion, another major failure mode for an 
aircraft, will be briefly discussed, and an explanation of the motivation and scope of this 
thesis will be provided. 
 Overview of Fatigue 
The main idea of fracture control is to make sure that the material sustains a 
strength above a specific safe value. A small crack on a structural component, if not 
detected and properly treated, can eventually grow into a size exceeding the acceptable 
limit and become a danger for a failure. It is important to predict and inspect for early 
signs of damage, since “fracture is the final event, often taking place very rapidly, and 
resulting in a breaking-in-two” (Broek, 1988, p. 8). In comparison to fracture, crack 
growth is a slow process. Broek (1988) considers two of the five mechanisms involved in 
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crack growth include fatigue due to cyclic loading and stress corrosion due to sustained 
loading. The other three mechanisms include creep and hydrogen or liquid metal induced 
cracking. The two aforementioned mechanisms and its combinations are said to be the 
most prevalent in crack growth for load bearing structures.  
Fatigue, which is a well-known failure mechanism, is when cyclic loading can 
induce the initiation and gradual growth of a crack. Under the cyclical stresses, which are 
typically below the yield stress, σy, of the material, the initiated crack progressively 
grows until the cross-sectional area of the remaining material becomes too small to 
support the maximum service stress. The phenomenon of fatigue has been known and 
studied since the 1800s, when Jean-Victor Poncelet introduced the term “fatigue” in 
relation with metal failures (Gagg & Lewis, 2009). On the contrary, realistic models of 
fatigue were not established until as early as 1940, and the investigation on fatigue 
behaviors for various materials are still under work as new materials emerge and are 
being applied to various applications (Gagg & Lewis, 2009).  
Regardless of the many advancements in this field, fatigue remains a common 
source of structural failure up to this day. In a very recent accident investigation 
performed regarding the United Airlines Flight 328 Boeing 777 Engine incident in 
February 2021, a fan blade from the right engine exhibited signs of fatigue. In this 
incident, a Boeing 777-222 aircraft experienced an engine failure involving an explosive 
bang and an engine fire shortly after departing Denver International Airport. According 
to the National Transportation Safety Board (NTSB) (2021), a detailed study utilizing a 
scanning electron microscope (SEM) have “identified multiple fatigue fracture origins on 
the interior surface of a cavity within the blade” (para. 11).  
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A predominant failure mode for in-service aircraft is known to be fatigue. In a 
study by Findlay and Harrison (2002), records and accident histories were examined and 




Frequency of failure mechanisms. 
 Percentage of Failures 
Engineering Components Aircraft Components 
Corrosion 29 16 
Fatigue 25 55 
Brittle fracture 16 - 
Overload 11 14 
High temperature corrosion 7 2 
SCC/Corrosion fatigue/HE 6 7 
Creep 3 - 
Wear/abrasion/erosion 3 6 
(Findlay & Harrison, 2002, p. 19) 
 
As the table illustrates, 55% of the failures on aircraft components and up to 25% 
for general engineered components are comprised by fatigue alone. Fatigue cracking, as 
previously mentioned, is a slow process making detection of an initiated crack difficult. 
Additionally, the issue becomes more complex as failure can often be associated with 
more than one cause. When the percentage of fatigue failure is combined with corrosion, 
another common failure mode, the percentage becomes 71% for aircraft components, and 
54% for other structural engineering components. Despite the current understanding of 
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materials and strict design requirements to help decrease the probability of fatigue 
cracking, the slow process in crack growth and the complexity of the phenomenon makes 
fatigue an important and urgent topic for further research. 
Generally, the approach toward fatigue crack growth is fracture control, which is 
elimination of the damage before ultimate failure, rather than fracture prevention (Broek, 
1988). Normal service conditions may not allow for fatigue to be prevented in a structure. 
Several parameters define the condition of the cyclic stresses being applied onto the 
material. These parameters include mean stress, stress amplitude, frequency, and stress 
ratio. Mean stress, depicted as σm, is the average stress between the minimum and 
maximum stress denoted as σmin and σmax respectively. Stress amplitude, σa, is the span of 
the applied stress and stress ratio, R, is the ratio of the minimum stress to the maximum 
stress. Equations for these parameters can be found below in Equations 1 through 3. A 
combination of any two parameters in the equations below can accurately define the 

















Following the detection of a crack initiation, analysis of the crack can be 
performed based on theories proposed by Linear Elastic Fracture Mechanics (LEFM). 
Such concepts are mainly used for materials widely used in applications such as the 
aerospace industry (Broek, 1988). The theory is heavily dependent on the stress intensity 
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factor, K, crack size, a, and the geometry factor, β. The fracture strength can be expressed 
as the equation below using the variables mentioned previously, where Kc is defined as 







 Overview of Cold Expansion 
As with many structures, aircraft structures are comprised of multiple components 
linked by a joint. Some common joints in aircraft structures include mechanically 
fastened joints, adhesively bonded joints, and welded joints (Yucan, Ende, Honghua, 
Jiuhua, & Renzheng, 2015). Of these joints, mechanically fastened joints using bolts and 
rivets are popular choices for connections in primary aircraft structures. However, 
because these mechanical fasteners involve making holes in the material, they are 
naturally a discontinuity in the material which lead to a critical stress concentration as 
well as a new surface for crack initiation (Curto-Cárdenas, Calaf-Chica, Díez, Calzada, & 
Garcia-Tarrago, 2020). To support this claim, according to Liu, Xu, Zhai, and Yue 
(2010), “fatigue fracture of fasten holes account for 50 to 90% of fracture of aging plane” 
(p. 976).  
In order to increase the lifetime of these holes, various anti-fatigue manufacturing 
methods have been introduced. These methods include cold expansion, laser shock, shot 
peening, and interference fitting (Yucan et al., 2015). While all of these methods reduce 
the stresses from fluctuating tensile loads by generating a compressive residual stress 
around the hole, cold expansion has become a preferred technique over others. Cold 
expansion enables for precise control for applying the compressive residual stress without 
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causing surface roughness on the material surface and does not require high operation 
costs as some other methods do. In addition, the cold expansion technique exhibits a wide 
range of application ranging from newly designed aircrafts to in-service aircraft repairs 
(Yucan et al., 2015). 
Investigation on various methods of cold expansion has developed four 
techniques that are widely used in practice. These methods include hole edge expansion, 
direct mandrel expansion, ball expansion, and split sleeve expansion (Yucan et al., 2015). 
In the aerospace industry, the split sleeve expansion has become the preferred method for 
its good adaptability, high production efficiency, and minimum damage to the material 
after application (Gopalakrishna, Narasimha Murthy, Krishna, Vinod, & Suresh, 2010; 
Yucan et al., 2015). The process involves inserting a mandrel and a split sleeve into a 
hole as shown in Figure 1.1 
 
 
Figure 1.1  Diagram of mandrel cold hole expansion in side view (Burlat, Julien, 
Lévesque, Bui-Quoc, & Bernard, 2008, p. 2045). 
 
Initially, the tapered portion of the mandrel is smaller or equal to the diameter of 
the hole, and the split sleeve is placed at the thinner portion of the mandrel. As the 
mandrel is pulled through, the combination of the mandrel and split sleeve becomes 
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larger than the diameter of the hole. As a result, a plastic deformation occurs at the edge 
of the hole. In theory, by permanently deforming the edge of the hole, the yield stress is 
exceeded at this region. Because the surrounding material is still in the elastic phase, it is 
natural for the material to push back to its original location, as illustrated in Figure 1.2. 
Therefore, a residual compressive stress zone is formed around the edge of the hole. This 






Figure 1.2  Diagram of the compressive stress zone formation (a) radial (b) tangential. 
 
The plot below illustrates the comparison of the local stress cycle for a hole with 
and without cold work expansion. The x-axis represents the remote stress which is being 
applied by the tensile machine, and the y-axis represents the stress at the border of the 
hole. The red and orange linear lines start from the stress at the resting position and 
extends up according to the slope which is associated with the stress concentration factor 




Figure 1.3  Effect of cold-worked hole on local stress cycle (Broek, 1988, p. 315). 
 
In this figure, the cyclic loads applied by the machine is assumed to cause stresses 
from 0 to σa1 as shown in the blue circle. The red line, which represent the hole without 
cold expansion, starts at zero stress when no stresses are applied and extends upward. 
Following the dotted line from σa1, it eventually intersects with the red line at σl1. 
Therefore, the cyclic stresses at the border of the hole ranges from 0 to σl1. On the other 
hand, the hole with cold expansion, as illustrated with the orange line, initially starts with 
a compressive stress even without the presence of an applied stress. When the same stress 
is being applied as shown in the blue circle, the stress experienced by the cold worked 
hole ranges from -Fty to σl3. The amplitude of the stresses may seem larger than the 
original hole, but in fact, since the compressive region absorbs the tensile stresses being 
applied by the machine, the effective cyclic stresses are actually only from 0 to σl3, which 
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is significantly smaller than the original cyclic stresses. This phenomenon results in the 
extension of material life as well as a delay in crack growth.  
In fracture mechanics, stress intensity factor is an important factor to consider, as 
it is an indicator of the stress state in the vicinity of a notch or a crack which helps with 
making predictions about crack propagation. It is also important to note that stress 
intensity factor, K, has an additive property meaning that multiple loading conditions can 
be superimposed, and stress intensity factors can be added based on the condition of 
interest, as represented in the equation below (Mello, 1998).  
 𝐾𝑒𝑓𝑓 = 𝐾𝑐𝑎𝑙𝑐 + 𝐾𝑐𝑜𝑙𝑑 (5) 
 
In the case for a cold expanded hole, for example, the effective stress intensity 
factor, Keff, is actually the sum of Kcalc, which is the intensity factor for a plain hole in 
linear elastic fracture mechanics, and Kcold, which is the intensity factor due to residual 
stress induced by cold work expansion. As the name implies, the impact is larger as the 
value K increases. When calculating for Kcold, it is known to provide a negative value 
because of the compressive nature of the residual stress, resulting in a Keff smaller than 
the plain hole in its “as-is” state. From this perspective, it is known that cold work 
expansion provides benefits in lowering the impact of stresses as well. For the calculation 
of Kcold, three elements need to be considered. Those are the crack length, hole 
dimension, and local circumferential stress. While the crack length and hole dimension 
are either known or can be measured, the local circumferential stress need to be 
calculated.  
The fundamental theory that supports the calculation of the residual compressive 
stress after cold expansion is the theory of isotropic plasticity which is comprised of ideas 
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and equations proposed by D.C. Drucker (1951) on work hardening and by Y.C. Fung 
(1965) on ideal plasticity for elastic perfectly plastic materials (Leirer, 2020). When 
calculating for the residual compressive stresses, appropriate equations associated with 
the region of interest must be used to accurately define the present stresses. There are 
three main regions that appear around a cold worked hole. Those are the plastic region, 
the reverse yielding region, and the elastic region. Equations 5 and 6, which are taken 
from studies by Cardinal, Wieland, Cutshall, and Burnside (1994) and the manual 
associated with the Crack 2000 Damage Tolerance analysis tool (Mello, 1998), are 
circumferential stresses at the radius of the point of interest, r, in the plastic region. 
Equation 6 depicts the residual stress in the radial direction whereas Equation 7 is in the 
tangential direction. Variables used in these equations include k, the yield stress in pure 
shear, c, plastic zone radius, b, outside radius, and ρ, reverse yield radius. The equation 
consists of two parts. Induced circumferential stress due to expansion is among those. 
This is when the mandrel is forcing its way through the hole. The other is the residual 
circumferential stress after the mandrel is removed, allowing for the elastic region to push 
the material back to its original position. The summation of these components becomes 
the total circumferential stress in that region. 
 





























Similarly, equations for the residual stresses exist for the other two regions as 
shown in the following equations presented by Mello (1998). Equations 8 and 9 depict 
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the circumferential stresses in the reverse yielding region, and Equation 10 and 11 
represent the circumferential stresses in the elastic region.  
 












− 1] (8) 
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Using the equations above, a plot as shown in Figure 1.4 can be made. This plot is 
a typical representation of the residual stress experienced on the material after cold work 
expansion. The red is the residual stress on the material in the radial direction, and the 
green is in the tangential direction. As the green lines are followed, it is clear that at the 
hole border, there exists a compressive stress. The plot then dips down further into the 
compressive stress, which is known as the reverse yielding phenomenon. Then, the plot 
rises towards the tensile stresses where it eventually reaches a point where there are 





Figure 1.4  Residual stress plot from hole border to specimen edge. 
 
Once the local circumferential stress is found, Kcold for a two-crack can be found 
using Green’s Function technique in Equation 12 (Mello, 1998) where c is the crack 
length, σx is the local circumferential stress in the tangential direction calculated by the 
previous equations, and Mf is the free surface correction based on the ratio of the crack 
length to the hole radius. This technique integrates the circumferential stresses around the 


















Figure 1.5  Variables represented by the Green’s Function technique. 
 
As noted before, Kcold in the previous equation is actually the stress intensity 
factor for a two-crack (Mello, 1998). A two-crack is a situation where two cracks are 
present in a material, which causes a symmetrical stress loading on the cracks as shown 
in Figure 1.6. In this research, a hole with a single crack is examined making the situation 
asymmetrical. To take this into account, a conversion shown in Equation 13 must be 
performed (Mello, 1998, p. 20). 
 
(𝐾𝐼)𝑜𝑛𝑒 𝑐𝑟𝑎𝑐𝑘 = √
2𝑅 + 𝑐
2𝑅 + 2𝑐
(𝐾𝐼)𝑡𝑤𝑜 𝑐𝑟𝑎𝑐𝑘 (13) 
 
 
Figure 1.6  Comparison of a one-crack and two-crack condition. 
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Finally, as previously mentioned, this new Kcold value is to be added to the “as-is” 
stress intensity factor to obtain the effective stress intensity factor. 
 Overview of Galvanic Corrosion 
Corrosion in general is a gradual degradation of metal as a result of a chemical 
reaction with the environment. As briefly mentioned in Table 1.1, corrosion is one of the 
common failure modes seen in aircraft components. In addition, a report from the U.S. 
Air Force has revealed that “more than 80% of structural failures of aircrafts originated 
from corrosion pits” (Snihirova et al., 2019, p. 70). While issues with corrosion are a 
clear threat to safety, it also holds economic significance. Czaban (2018) points out that 
the direct annual cost associated with corrosion in the United States aerospace industry in 
2002 has been estimated to be $2.2 billion, including costs for maintenance, downtime, 
and manufacturing. The topic of corrosion in the aerospace industry can also be a 
complex issue, because aircraft structures, for its purposes, transport through various 
“geographical location, aircraft range, local climate and changes in weather” which can 
vary the initiation of corrosion (Czaban, 2018, p. 8). Therefore, corrosion is another 
popular topic for investigation as it can have a significant impact in safety as well as in 
the perspective of finance. 
Some common types of corrosion include uniform corrosion, pitting corrosion, 
crevice corrosion, galvanic corrosion, and stress corrosion (Findlay & Harrison, 2002). In 
this research, galvanic corrosion is mainly featured as corrosion on aircraft structures 
often occurs at joints where dissimilar metal materials may come in contact. Galvanic 
corrosion is a type of corrosion “induced when two dissimilar materials are coupled in a 
corrosive electrolyte” (NACE International, n.d., para. 1). For aerospace structures, it is a 
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common practice to apply a protective coating on the mechanical fastener and panel 
before assembly to prevent corrosion. However, defects in the coating can become a 
possible pathway for an aqueous solution to contact the two materials (Marshall, Kelly, 
Goff, & Sprinkle, 2019). Furthermore, Marshall et al. (2019) points out the case of dry 
installation during aircraft repairs, where metal fasteners are installed without the 
application of a sealant, causing critical situation for corrosion susceptibility.  
As mentioned previously, galvanic corrosion is initiated when two dissimilar 
metals are in contact with one another and an electrolyte solution. One factor that affects 
the rate of galvanic corrosion is the corrosion potentials of the two materials. Shown 
below in Figure 1.7 is a diagram comparing the corrosion potentials in various metal 
materials. The more anodic metals are illustrated towards the right, and they are more 
likely to release electrons compared to the cathodic metals towards the left of the 
diagram. Generally, the more dissimilar the materials are on the galvanic series, the faster 
the anode will corrode. It is to be noted that aluminum alloys are significantly anodic 
compared to 316 stainless steel at the bottom left corner. These two materials will be 
utilized in the experimentation for this thesis.  
Galvanic corrosion is a result of metal ions being released into the electrolyte due 
to the surrendering of electrons to the other material. An example can be seen in Figure 
1.8, where the iron ion is released into the electrolyte after releasing an electron to the 
nearby tin. Pit formation can be observed as the iron ion proceeds to combine with 





Figure 1.7  The galvanic series in seawater for some metals and alloys (International 
Molybdenum Association, n.d.). 
 
 
Figure 1.8  Diagram of Galvanic Corrosion (Makhlouf & Aliofkhazraei, 2018, p. 112). 
 
As pointed out by Calabrese, Proverbio, Pollicino, Galtieri, and Borsellino (2015), 
surface irregularities and crevices on the material can potentially intensify the effect of 
corrosion. Because an initial crack on the fastener hole is assumed for this research, a 
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crevice corrosion attack induced by the accumulation of the electrolyte solution in the 
crack may escalate the corrosive effect on the crack.  
The relationship between crack growth and corrosion can also be discussed from 
an energy perspective. In a previous section in Chapter 1, the theory of LEFM was 
discussed. On the other hand, another criterion used for the analysis of cracks is the 
energy criterion proposed by Alan Arnold Griffith and modified by Irwin and Orowan, 
which can be utilized for analyzing plastic regions of a material in Elastic Plastic Fracture 
Mechanics (EPFM) (Broek, 1988). The theorem takes into account of the change in 
“potential energy which occurs in the formation of new surfaces” (Griffith, 1920, p. 165) 
such as the crack surfaces. The growth of a crack can be related to the separation of 
atomic bonds of the material; thus, a certain energy is required for the crack size, a, to 
grow as represented in Equation 14 where γs is the energy required separate the atomic 
bonds per unit surface area of the crack, and B is the thickness (McGinty, 2014).   
 𝐸𝑏𝑜𝑛𝑑 = 2𝛾𝑠𝑎𝐵 (14) 
 
The mechanical strain energy of the material is then released as the crack 
propagates through the material. This is the concept of strain energy release. By 
integrating the total energy curve equation captured by the sum of the strain energy of the 
material and the energy input for the separation of atomic bonds in terms of its crack 
length, the failure stress in terms of the energy criterion can be found as shown in 
Equation 15. While this equation can only be applied for brittle materials, modifications 
by Irwin and Orowan enables the application of the theorem in metal plasticity as well 
(McGinty, 2014). Nonetheless, it can be said that in this research, corrosion may play a 
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role in changing the stored strain energy of the local material, leading to an increase or 










 Motivation and Scope of Thesis 
All metal aircraft are prone to experience fatigue and corrosion during their 
lifetime. However, efforts by researchers and engineers to examine and understand these 
phenomenon have led to methods designed to counter these. As part of that effort to build 
up knowledge for further development, this thesis aims to clarify the effectiveness of an 
anti-fatigue technique against corrosive damage. The motivation for this thesis is to 
investigate if cold expansion on a fastener hole with the presence of a small crack can 
demonstrate the same benefits in the extension of fatigue life under a corrosive 
environment. The findings of this research could provide more accuracy to the current 
understanding on the benefits of cold expansion and stimulate further research into anti-
fatigue techniques under multiple failure modes. The following paragraphs lay down the 
scope of this thesis to meet the objective of this research. 
In Chapter 2, a review on the developments in research regarding topics relevant 
to the thesis topic will be provided. Research on applications of cold work expansion on 
fastener holes will be reviewed. In addition, topics in galvanic corrosion and aircraft 
structures will be reviewed as well. 
Chapter 3 will lay out the detailed methods of the experimentation that led to the 
completion of this thesis’ objective. Equipment, materials, and dimensions utilized in the 
experimentation will be introduced, and a thorough explanation of the procedures will be 
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included as well. These procedures are divided into three main processes. This includes 
the crack initiation process, the cold work hole expansion process, and the crack 
propagation process. 
Results obtained by the experimentation will be presented and reviewed in 
Chapter 4. Images of the final outcome of the fatigue damage on the specimen will be 
presented, and the history of crack growth will be plotted. Other signs of damage detected 
during the experimentation will be presented as well. The plots will be compared against 
results from a controlled experiment for further analysis.  
In Chapter 5, the effectiveness of cold expansion on fastener holes with an initial 
crack under corrosive environment will be reviewed. Following the reevaluation of the 
results obtained in the previous chapter, final conclusions will be drawn. Points of 





2. Review of Literature and Theory 
The current understanding on topics such as cold expansion and galvanic 
corrosion are the result of efforts made by academic and industrial researchers to find 
methods to tame and counter failure modes such as fatigue and corrosion. In the 
following sections, the history and findings of relevant topics for this thesis will be 
presented. A literature review on cold work expansion of holes will be discussed to 
reflect on research from the past few decades regarding the effectiveness of various 
expansion methods and the effectiveness on pre-damaged holes. Another literature 
review on galvanic corrosion will be provided as well to showcase an early effort for 
corrosion prevention on aircraft components and to introduce the efforts to model and 
forecast this complex phenomenon.  
 Review of Literature on Cold Expansion 
Zhang and Wang (2003) examined the effectiveness of cold expansion on a  
pre-fatigued joint simulating a practical situation for life enhancement treatment for  
in-service aircraft. The experimental portion of the research consisted of a low-load 
transfer joint made of AA2024-T351 alloy with an open hole. The specimen was  
pre-fatigued to levels of 25, 50, and 75% of the baseline fatigue life of a specimen with a 
plain hole. The hole was then treated using the Fatigue Technology Incorporated (FTI) 
(Seattle, WA) split sleeve cold expansion method and was subjected to loads based on the 
FALSTAFF spectrum, a standard flight-by-flight loading sequence for military aircraft. 
Results showed a significant improvement in the life improvement factor (LIF), which is 
the ratio of the fatigue life of the treated hole to the fatigue life of the plain hole. LIFs 
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ranged from 3.8 to a minimum of 2.2 based on the level of pre-fatigue that the specimen 
experienced as shown in Figure 2.1.  
 
Figure 2.1  Comparison of mean fatigue lives and LIFs for open-hole specimens (Zhang 
& Wang, 2003, p. 1252). 
 
Burlat et al. (2008) performed a numerical analysis of the stress and strain 
distributions of a cold expanded hole utilizing a three-dimensional finite element 
modeling (FEM) model instead of the two-dimensional analysis proposed in other 
literatures. The research also aimed to examine improvements in LIF for both crack 
initiation and propagation at various cold working parameters, as previous works limited 
these parameters to investigate for specific applications. AA7475-T7351 alloys were cold 
expanded with cold work percentages ranging from 0% to 5.58% using split sleeve 
expansion and were subjected to cyclic loading to examine the crack initiation and 
propagation. A stress ratio of 0.05 was kept.  
The results showed the fatigue life of a 5.58% CE specimen under applied 
nominal stresses of 191 to 300 MPa increased by 3.2 and 1.5 times, respectively. Burlat 
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et al. concluded that fatigue life was extended mainly in the crack propagation period and 
more or less in the crack initiation stage as well. It was also reported that the 
improvement in LIF was dependent on the cold work percentage and the applied stress, 
meaning higher cold expansion (CE) percentage led to greater LIF improvement, and 
lower stresses showcased significant LIF than higher stresses. 
Gopalaksrishna et al. (2010) compared two hole cold expansion techniques to 
investigate the effect on fatigue life enhancement for a hole in AA2024-T3 alloy. Split 
sleeve cold expansion using a tapered pin involves a surface contact, while the same 
technique using a ball would involve a line contact during the process. Varying CE 
percentages ranging from 2% to 6% were applied and subjected to fatigue testing. While 
both methods showed fatigue life extensions, the fatigue life improvement by the tapered 
pin was double that of the ball method as shown in Figure 2.2.  
 
 
Figure 2.2  Comparison of the number of fatigue cycles to failure between ball method 




Leirer (2020) investigated the benefits of cold expansion on a fastener hole when 
a small crack is present before the anti-fatigue treatment. An AA2024-T3 sample with a 
pre-cracked hole was prepared for the experimentation. Two tensile fatigue tests were 
conducted using a sample with a non-cold worked hole and a sample with a cold working 
percentage of 4.95% applied on the hole. The compressive stress region induced by the 
cold expansion was modeled in a FEM model and was compared against data obtained by 
digital image correlation (DIC) of images taken during the cold work expansion on the 
specimen.  
The experimentation saw the non-cold expanded specimen to withstand 6,356 
cycles, whereas the cold expanded specimen to withstand 11.3 times more with 70,983 
cycles, as shown in Figure 2.3. This research confirmed the benefit of fatigue life 
extension of a cold expanded hole even with the presence of an initial flaw. The results 
from this research will be used as a controlled experiment for this thesis in order to 





Figure 2.3  Crack growth comparison between the as-drilled specimen and cold expanded 
specimen (Leirer, 2020, p. 83). 
 
 Review of Literature on Galvanic Corrosion 
Earlier efforts to protect airframe structures from galvanic corrosion was 
performed by El-Sherbiny and Salem (1981) using ion plating technique in replacement 
of anodized coatings that had been frequently applied for corrosion prevention. The ion 
plating technique is a process in which the ion-atom collisions in gas plasma forcibly 
implants the film atoms and ions into the substrate due to its high kinetic energy. 
Polarization and galvanic tests were conducted to compare the corrosive behavior of 
galvanic couples of various aluminum alloys and titanium. While a comparison between 
the newer technique against the conventional method was not investigated, the ion plating 
technique exhibited superior characteristics in nodule density, porosity, grain size, and 
adhesion compared to other coating methods at the time.  
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In 2015, Calabrese et al. investigated the effects of galvanic corrosion of an 
aluminum and steel assembly joined by a self-piercing rivet. A potentiodynamic 
polarization test were conducted in 3.5 wt.% NaCl solution in open air to investigate the 
anodic and cathodic behavior of the metals at the joint. Additionally, long term aging 
tests were performed in salt spray environment of 5% NaCl solution to establish a 
relationship between failure mechanism, corrosion damage, and mechanical 
performances. Results indicated that the galvanic coupling between the anodic aluminum 
AA6082 plate and the cathodic Carbon Steel A570 caused thinning of the aluminum 
sheet. This led to an activation of crevice corrosion at the joint, resulting in the 
detachment of the assembly. A theoretical model was proposed to forecast failure modes 
and to interpret the corrosion phenomena at the self-piercing rivet. The work successfully 
established a relationship between the durability of the split-piercing rivet joint and the 
metal constituents under corrosive environment. 
Nicolas, Mello, and Sangid (2018) examined the relationship of mechanical 
deformation and localized corrosion at the mesoscale level. To investigate the causes of 
localized corrosion, microstructure characterization was performed by utilizing an 
Electron backscatter diffraction (EBSD) on a SEM, spatial location of the cathodic 
particles was observed using an energy dispersive X-ray spectroscopy (EDX), and the 
localized strain after the deformation were mapped using DIC via images taken with a 
SEM for observation in the submicron level. Then, a Type 316L stainless steel screw was 
attached to the AA7050-T7451 alloy specimen and was submerged under 3.5 wt.% NaCl 
solution for inducing galvanic corrosion. For the 20-day duration, spatial pitting was 
observed using a confocal microscope and pitting around particles were examined using 
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SEM imaging every 24 hr of corrosion. Finally, the evolution of the surface was found by 
calculating the topographic height via a MATLAB code from the images taken with the 
confocal microscope previously.  
Results have shown that localized corrosion and localized strains are independent 
of each other, and intense corrosion pits do not correlate with high strains. Nicolas et al. 
has identified that the cathodic particles’ electrochemical interaction with the matrix was 
the main driving force of corrosion pitting, until the particles drop out of the matrix, 
where the diffusion-driven dissolution of the specimen surface and the residual strains 
take over the corrosion process. This research, previously investigated at the macroscale, 
provided new insights on mechanical deformation and localized corrosion at the 
mesoscale level. 
In 2019, Nicolas et al. proceeded to further investigate the relationship of 
mechanical deformation and localized corrosion for an actively loaded structural 
component. The aim of this research was to answer a question of whether corrosion 
pitting is a stress-driven process, since stress corrosion cracking may occur due to a 
component under active loading. Microstructural characterizations were performed via 
EBSD and EDS using a SEM, similar to the procedures used in the previous research. 
The localized deformation was tracked by placing the AA7050-T7451 alloy specimen 
under load for a 2.5% total strain at a rate of 0.15 mm/min using a servo-hydraulic load 
frame and a set of hydraulic wedge grips and subjecting to DIC for strain mapping. The 
specimen was then subjected to a corrosive environment by coupling with Type 316L 
stainless steel and submerging under 3.5 wt.% NaCl solution. A force test stand was 
utilized to statically load the specimen during corrosion at its peak stresses. Three 
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samples were tested for corrosion of 6, 7, and 8 days, which were around the expected 
number of days for the cathodic particle fallout based on results from the previous work.  
Each sample underwent observations utilizing SEM and confocal laser scanning 
microscopy (CLSM) for morphology characterization. The research found that cathodic 
particles dictate the formation of localized pitting corrosion. They have also identified 
that concentrated stresses above the average macroscopic stress can serve as an indicator 
for localized corrosion at the particles but not for corrosion of the entire material. In 
addition, it was found that strain cannot be used to characterize the susceptibility of 
corrosion, as it could not serve as a variable to represent the degree of plasticity. The 
results showed significance in characterizing the effect of mechanical and chemical 
mechanisms in terms of corrosion of a material under constant loading.  
Snihirova et al. (2019) developed and validated a physico-chemical finite element 
modeling (FEM) model of the corrosion process of a hybrid joint of AA2024 and  
Ti-6Al-4V alloy. The local pH changes over the galvanic couple, the current density 
distributions and dissolved oxygen utilizing Scanning Vibrating Electrode Technique 
(SVET), and the surface data from the difference viewer imaging technique (DVIT) were 
monitored in the experimentation to validate the developed numerical model. The 
experiment consisted of dry installing the cylindrical titanium fastener into the aluminum 
alloy to induce corrosion. Although the model was concluded to be rather qualitative due 
to initial assumptions in the development, a representative model of localized corrosion 
induced by the galvanically coupled assembly was developed.  





In this section, the material selection, equipment, and procedures of the 
experimentation are discussed. The experimentation contains a crack initiation stage, a 
cold work hole expansion stage, and a crack propagation stage. The crack initiation stage 
prepares the sample with a small crack in the fastener hole, which is a situation that the 
research assumes. The next stage applies cold work expansion onto the hole in hopes to 
mitigate the effects of the initial crack from further crack growth. Finally, the crack 
propagation stage applies cyclic loading to encourage crack growth in the sample. Each 
stage provides the equipment used and the detailed procedures to perform the experiment. 
 Material Selection and Manufacturing of Specimen 
Material selection in the aerospace industry has always been a search for a 
balance between load accommodation, durability, and cost. Aircraft materials have 
evolved from wood and fabric, as appeared in the Wright Flyer, to composite materials in 
more recent aircraft. However, aluminum alloys have and are still playing an important 
role in modern aviation industry. Because aluminum alloys present benefits in weight, 
strength, and ease of manufacturing, they are often applied on load carrying structures 
and at fatigue critical locations (Mello, Nicolas, Lebensohn, & Sangid, 2016).  
Among aluminum alloys, AA 2024-T3 is a popular material for aviation for its 
high stress-to-weight ratio, but also for its resistance to corrosion in chloride 
environments and fatigue. The basic material properties for an AA 2024-T3 alloy sheet of 
thickness 3.18 mm are provided in Table 3.1 (DOD, 2003, p. 3-71). It is to be noted that 
the material properties were found for the thickness of the specimen used in the 
experimentation, which will be discussed later in this section. The AA 2024-T3 alloy 
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Material properties of AA 2024-T3 alloy sheet of thickness 3.18 mm (0.125 in.) 
Property Value 
Young’ Modulus, E 72.4 GPa (10.5 ×  103 ksi) 
Plasticity Modulus 0.607 GPa (88.0 ksi) 
Yield Strength 324 MPa (47.0 ksi) 
Ultimate Strength 441 MPa (64.0 ksi) 
Poison ratio, ν 0.33 (0.33) 
Density 2.78 g/cm3 (0.10 lb/in3) 
(DOD, 2003, p. 3-71) 
 
The dimensions of the specimen were decided based on the desired cold working 
percentage and the minimum size required to sufficiently observe the entire compressive 
region. As discussed by Leirer (2020), the mandrel diameter, sleeve thickness, and the 
diameter of the fastener hole are parameters that influence the cold expansion percentage. 
Because options for mandrel and sleeve sizes were limited, the fastener hole diameter 
was the remaining parameter that could be altered. A reasonable cold working percentage 
was then chosen based on calculations using the size values of the mandrel and sleeve at 
hand and applying commercially available drill bit sizes. The dimensions of the specimen 
were decided, as summarized in Table 3.2, and were utilized to organize an engineering 
drawing to submit to the Embry-Riddle Aeronautical University Machine Shop for 
production. The submitted engineering drawing is represented in Figure 3.1. It is to be 
noted that the specimens used in this research are strictly identical in both material and 
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geometry to the specimens used in Leirer’s experimentation, in order for experimental 
results to be relevant for comparison. 
 
Table 3.2  
Specimen dimensions. 
Dimension Value 
Length 25.4 cm (10.0 in) 
Width 5.72 cm (2.25 in) 
Thickness 0.32 cm (0.125 in) 
Hole Diameter 0.75 cm (
19
64
  in) 
            
 
Figure 3.1  Engineering drawings of AA 2024-T3 specimen with dimensions in mm. 
 
The specimen was then taken to a Buehler Ltd. (Lake Bluff, IL) Twin Variable 
Speed Grinder-Polisher machine to remove any surface cracks that may lead to undesired 
crack initiation on the specimen. 600 grit sandpaper by LECO Corporation (St. Joseph, 
MI) was first used to wet sand the area of interest followed by a MicroCloth polishing 
cloth from Buehler Ltd. 5µ de-agglomerated alpha alumina solution, also by LECO 
Corporation, was utilized with the polishing cloth to remove any small remaining 
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scratches. Then, after replacing the polishing cloth with a new MicroCloth, a solution of 
1µ de-agglomerated alpha alumina by LECO Corporation was used to further polish the 
sample until surface scratches were not visible. Shown in Figure 3.2 are the equipment 








Figure 3.2  Equipment for specimen polishing (a) Twin Variable Speed Grinder-Polisher 
(b) agglomerate-free alpha alumina solutions (c) sandpaper and polishing cloth. 
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Finally, a latex sleeve was fixed to the specimen for holding the saline solution-
soaked sponge at the fastener hole. The specific material was chosen for its waterproof 
characteristic as well as its elastic characteristic for ease of observation during the 
experiment. Lubricant on both the internal and external walls of the latex material was 




Figure 3.3  Prepared AA 2024-T3 experimental specimen. 
 
 Crack Initiation Process 
In this research, an application with a pre-cracked condition is assumed. In order 
to meet this requirement, an initial flaw was prepared in the sample. A small cut was 
applied at the inner wall of the hole perpendicular to the loading direction using a thin 
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razor blade. The cut is shown in Figure 3.4. By applying this cut, the starting point of the 
crack initiation could be controlled for observation as well.  
The specimen was then fixed onto a fatigue testing setup involving the MTS (Eden 
Prairie, MN) Model 204.61 Hydraulic Piston Actuator, MTS 661.21A-02 Load Cell, and 
a pair of MTS Series 647 Hydraulic Wedge Grips to apply cyclic tensile loads on the 
specimen. A UHM350-11 digital HDMI microscope by AmScope (Irvine, CA) was 
placed in front of the hole to capture images for observation and measurement of the 
crack growth by utilizing the Kopa Capture Software. The full configuration of the setup 
is shown in Figure 3.5.  
 
 




Figure 3.5  Setup of specimen on fatigue testing machine. 
 
The testing machine was set to apply an amplitude load of 16.01 kN (3600 lb) and 
a mean load of 19.57 kN (4400 lb), inducing stresses tabulated in Table 3.3. The 
frequency of the cyclic loads was set to 1 Hz. The loads and frequency were designed to 
apply a continuous wide range of low to high tensile loadings. The same parameters were 
used in the previous research (Leirer, 2020), thus making the results in this research 
comparable with the previous. The machine was stopped at every 250 cycles to check for 
crack growth. Using the various lighting settings on the digital microscope and the digital 
zoom feature on the Kopa Caputure Software, images with the best representation of the 
crack were taken. The images were then compared in attempt to find the slightest sign of 
crack initiation from the small cut. This procedure was repeated until crack initiation 





Parameters used for crack initiation process.  
Variable Value 
𝜎𝑎 88.25 MPa  (12.8 ksi) 
𝜎𝑚 107.9 MPa (15.64 ksi) 
R 0.1 (0.1) 
 
 Cold Work Hole Expansion Process  
Cold work expansion was applied on the hole once the crack initiation was found. 
The equipment used were the mandrel, the hand puller, and a split sleeve manufactured 
by FTI, as well as a set of wrenches including a size 3.175 cm (1
1
4




 in.) wrench as shown in Figure 3.6.  
 
 
Figure 3.6  Equipment for cold expansion process. 
 
The hand puller was used in combination with the mandrel to manually pull the 
mandrel through the specimen hole. Initially, the mandrel was lubricated using lithium-
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base grease by B’laster Corporation (Cleveland, OH) to eliminate as much frictional 
resistance between the mandrel and the split sleeve. Then, the split sleeve was slid on 
until it reached the root of the mandrel. The mandrel was then inserted into the specimen 
hole with the split of the sleeve facing the longitudinal direction of the specimen, which 
is in parallel with the direction of the loading as depicted in Figure 3.7.  
 
 
Figure 3.7  Split sleeve direction. 
 
A set of wrenches were used to carefully pull the mandrel out of the hole. Excess 
grease was wiped from the specimen and hole surface to obtain a clear image of the crack 
using the digital microscope. Similarly to the previous procedures, various lighting 
settings on the digital microscope and the digital zoom feature on the Kopa Caputure 
Software were utilized for the best representation of the crack. The image was used as the 




 Crack Propagation Process 
A 316 stainless steel bolt and nut of 6.35 mm (0.25 in.) diameter and 19.05 mm 
(0.75 in.) in length were attached at the hole after cold work expansion was applied. The 
bolt and nut were applied just enough for the surface of the steel to be in contact with the 
aluminum specimen, so that galvanic corrosion could be introduced without creating a 
stress concentration due to excessive tightening from the bolt and nut. Next, a layer of 
Durafoam sponge by Procter & Gamble (Cincinnati, OH) was applied on both sides of 
the bolt and nut. The latex covering was raised up to the upper edge of the sponge, then 
the saline solution (3.5 wt.% NaCl solution) was slowly soaked into the sponge from the 
top. The solution was produced by combining appropriate amounts of distilled water and 
commercially available plain table salt by Morton (Chicago, IL) to obtain for the desired 







Figure 3.8  (a) 316 stainless steel bolt and nut (b) 3.5 wt.% NaCl solution and sponge. 
 
During this process, signs of leakage from the latex covering were checked, as 
this could potentially corrode the metal grips on the fatigue testing machine, shown in 
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Figure 3.9, as well as cause the specimen to slip from the grips. As an additional 
precaution, a paper towel or sponge was attached at the bottom end of the latex covering 
to absorb any small leakages. 
 
 
Figure 3.9  Specimen setup under corrosive environment. 
 
The specimen was then subjected to loads identical to the crack initiation process 
as tabulated in Table 3.4. The growth of the crack propagation caused by the corrosive 
environment was set to be observed every 24 hr. The increments of the number of load 
cycles were adjusted accordingly based on how quickly the crack grew. Similarly, the 
frequency setting on the fatigue testing machine was calculated based on the target 





Parameters used for crack propagation process.  
Variable Value 
𝜎𝑎 88.25 MPa  (12.8 ksi) 
𝜎𝑚 107.9 MPa (15.64 ksi) 
R 0.1 (0.1) 
 
After each set of load cycles were completed, the latex sleeve was lowered, and 
the sponges were taken out. Then, the bolt and nut were detached and the moisture on the 
specimen surface was gently removed with a paper towel. The digital microscope was 
utilized to take images of the crack growth. A rubber-like material, such as an eraser, was 
used to carefully remove oxides and salt concentrations from the specimen surface to 
obtain a clearer image of the crack tip. 
A total of three experiments were performed. The objective of the first experiment 
was to observe the crack growth rate and the number of cycles that the specimen could 
take under corrosive environment. The duration of this experiment was set at seven days 
to obtain sufficient results in order to better predict and adjust increments of the 
observations and set appropriate durations for the experiment. The second experiment 
was set for ten days in hopes for observations in smaller increments once the crack 
growth rate significantly increases toward the end of its fatigue life. Finally, the third 
experimentation was designed to further validate a hypothesis built based on the results 






The experimentation for this research was carried out utilizing the equipment, 
material, input parameters, and procedures defined in the previous chapter. In the 
following sections in this chapter, values and plots obtained during the fatigue life 
experimentation for three specimens will be provided. Images of crack growth during the 
experiment and crack surface following ultimate failure of the specimen will be reviewed 
and discussed as well. The results of the crack propagation from this research will be 
compared with the results obtained from the previous experimentation with cold 
expansion on a pre-cracked hole without the corrosive environment.  
 Initial Fatigue Testing 
The first fatigue testing was performed per the procedures described in Sections 
3.2 through 3.4. For this specimen, the initial aim was to examine the behavior of the 
fatigue crack in saline solution, but also to obtain a reference fatigue life to adjust the 
increments for observations for the following fatigue testing. Recalling that the specimen 
with cold expansion in a previous experimentation withstood a cycle count of 70,983 
cycles (Leirer, 2020), the initial fatigue testing was designed to examine the specimen’s 
crack growth every 10,000 cycles while being under corrosive environment for 24 hr. 
Below in Table 4.1, the initial crack size created by the razor blade, crack size at 
crack initiation, and the total number of cycles to crack initiation are summarized. After 
crack initiation was detected and the hole was treated with cold work expansion, the 
experiment proceeded to the crack propagation process. Table 4.2 illustrates the number 
of cycles and the crack length associated at that cycle. It should be noted that the 
measured crack lengths are displacements of the crack tip starting at the edge of the 
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fastener hole. The identification of the original crack tip was visually limited, due to the 
compressive region induced by the cold expansion closing the crack tip. It is also worth 
noting that an extra 356 cycles were applied on the specimen in the process to verify 
minimum error in the input and output of the fatigue testing machine. 
 
Table 4.1 
Number of cycles required for crack initiation and size of crack for specimen 1. 
Specimen Initial Flaw Size Crack Size at Initiation Cycles to Initiation 
Specimen 1 0.29 mm 0.52 mm 1500 
 
Table 4.2 
Cycle count and crack length for specimen 1 after crack detection and CE treatment.  






Specimen 1 withstood a total of 29,433 cycles until ultimate failure caused by the  
pre-made crack as shown in Figure 4.1. It can be seen that the crack grew out across the 
hole and signs of corrosion can be seen from the stains of the sponge. The initial crack 
size was at 0.40 mm and the critical crack length was measured to be 9.38 mm. Figure 
4.2 illustrates the images taken to examine the crack growth during the experimentation. 
The crack tips are featured by the circle. Variations in lighting assisted in the 
identification of the crack tip as discontinuities on the metal surface would appear as 
shadows. It should be noted that in the second image, a sign of corrosion, which is likely 
the cause of the circular stain around the fastener hole, can be seen on the aluminum 
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surface. On the other hand, the stainless-steel bolt and nut showed little, or no signs of 
corrosion as shown in Figure 4.3. The white residue could be mostly removed by rubbing 

















Figure 4.2  Crack growth of specimen 1 during fatigue testing (a) 0 cycles (b) 10,356 
cycles (c) 20,356 cycles. 
 
 
Figure 4.3  Close-up image of removed bolt and nut. 
 
In addition, concentrations of salt could be observed along the border of the hole 
and inside the crack, as shown in Figure 4.4, meaning that the saline solution is able to 
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Figure 4.4  Close-up image of salt concentrations along hole edge. 
 
The fatigue life of specimen 1 was compared to the fatigue life of the as-drilled 
specimen and the cold worked specimen without the corrosive condition from Leirer 
(2020) in Figure 4.5. Data points for specimen 1 are represented in yellow. The results 
obtained from this experiment falls in the middle of the lines representing the as-drilled 
specimen and the cold expanded specimen without the saline solution. The effectiveness 
of cold work expansion in delaying the crack growth is evident even with the presence of 
a corrosive environment. However, the effectiveness has also been greatly reduced, as the 





Figure 4.5  Crack growth comparison between the as-drilled specimen, cold expanded 
specimen, and cold expanded specimen with saline solution.  
 
 Second and Third Fatigue Testing 
Following the first fatigue testing, the increments for observation was reduced 
from 10,000 cycles to 3,000 cycles. The change was made to account for an experiment 
duration of ten days to complete 30,000 total cycles, which was the estimated fatigue life 
for the specimen under corrosive environment.  
Table 4.3 summarizes the initial crack size, crack size at crack initiation, and the 
total number of cycles to crack initiation. The number of cycles and the measured crack 
length during the crack propagation phase (after detection of crack initiation and 





Number of cycles required for crack initiation and size of crack for specimen 2. 
Specimen Initial Flaw Size Crack Size at Initiation Cycles to Initiation 
Specimen 2 0.19 mm 0.27 mm 1040 
 
Table 4.4 
Cycle count and crack length for specimen 2 after crack detection and CE treatment.  
Cycle Number Crack Length (mm) Cycle Number Crack Length (mm) 
0 0.24 27,000 0.83 
3,000 0.25 30,000 0.87 
6,000 0.41 33,000 0.88 
9,000 0.46 36,000 0.88 
12,000 0.48 42,000 0.88 
15,000 0.53 48,000 0.88 
18,000 0.53 57,000 0.94 
21,000 0.61 59,413 0.94 
24,000 0.69   
 
Specimen 2 withstood a total of 59,413 cycles until ultimate failure, which 
doubled the fatigue life of 29,433 cycles from the previous specimen. The initial crack 
size at the hole border was at 0.24 mm and the final crack length was measured to be 0.94 
mm. 
However, the second fatigue test reached its ultimate failure in a completely 
different way from specimen 1. Figure 4.6 illustrates specimen 2 after failure on the 
tensile machine, as well as an image with the latex covering removed for a clearer 
representation. The critical crack did not occur from the initial crack at the hole border, 
but instead, occurred well below the hole edge. Figure 4.7 provides a closer look at the 
surface of the crack. It can be deduced that the crack initiated from the edge of the 












Figure 4.7  Close-up image of the crack surface on specimen 2. 
 
Figure 4.8 shows a closer look at the specimen hole edge at 36,000 cycles. The 
area featured by the red circle highlights a new crack initiation below the original crack. 
Recalling the behavior of crack growth from Table 4.4, the rate of crack growth was 
reduced significantly since 33,000 cycles. The fact led to a possibility of a parallel crack 
interfering the crack growth of the original crack. Crack interactions due to multiple 
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cracks can affect the stress intensity factor, crack growth rate, and the crack growth path. 
A decrease in the stress intensity factor at the crack tips due to the dispersion of tensile 
stress has been reported for cases when double parallel cracks interacted with each other 
(Han, Qian, & Li, 2020).  
 
 
Figure 4.8  Close-up image showing a secondary crack parallel to the main crack at 
36,000 cycles. 
 
Following the second fatigue testing, another experiment was performed to test if 
the results from specimen 2 were coincidental or not. The observation increments were 
back at 10,000 cycles due to the available time constraint.  
Table 4.5 below summarizes the initial crack size, crack size at crack initiation, 
and the total number of cycles to crack initiation. Furthermore, the number of cycles and 





Number of cycles required for crack initiation and size of crack for specimen 3. 
Specimen Initial Flaw Size Crack Size at Initiation Cycles to Initiation 
Specimen 3 0.14 mm 0.35 mm 750 
 
Table 4.6 
Cycle count and crack length for specimen 3 after crack detection and CE treatment.  








As shown in Figure 4.9, specimen 3 exhibited similar results to specimen 2 except 
for the failure occurring towards the top of the specimen instead the bottom. Specimen 3 
resulted in a total of 44,836 cycles until ultimate failure. The initial crack size at the hole 
border was at 0.32 mm and the final crack length for the original crack was measured to 
be 0.89 mm. Figure 4.10 provides a closer look at the surface of the crack. Again, a crack 
initiation can be identified on the right edge of the specimen, as well as a very small 












Figure 4.10  Close-up image of the crack surface on specimen 3. 
 
Finally, the fatigue life of specimen 2 and 3 were added onto the plot comparing 
the as-drilled specimen, the cold worked specimen without the corrosive condition, and 
the previous results from specimen 1 in Figure 4.11. Data points in green squares and 
purple diamond markers represent results from specimen 2 and 3 respectively. The best-
fit trendlines are illustrated as well with dotted lines in the same color schemes as the 
markers. Results obtained from specimen 2 and 3 follow similar trends. Compared to the 
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cold expanded specimen without the saline solution, the rate of crack propagation is 
slightly slower, but comparable. 
The results from specimen 2 and 3 were plotted on the same chart with previous 
results to provide a perspective of local measurements for all experiments. However, it is 
important to notice that the main cracks that led to failure of specimen 2 and 3 are not the 
cracks being monitored. The main cracks were formed at the edge of the plate, out of the 
compressive stress of the cold work expansion. 
 
 
Figure 4.11  Crack growth comparison between the as-drilled specimen, cold expanded 
specimen, and three cold expanded specimens with saline solution.  
 
 Numerical Analysis 
As pointed out in the previous section, crack growth measurements from the 
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second and third fatigue tests do not reflect the growth of the critical crack that led to the 
ultimate failure of the specimen. Therefore, a numerical analysis utilizing Crack 2000 
Damage Tolerance analysis tool (Version 3.0; Mello, 2005) was performed to simulate 
the growth of the critical crack. In addition, the analysis tool was utilized to perform a 
simulation of a crack propagation of a through crack from a cold expanded hole to 
compare against results obtained from the first fatigue test. Crack 2000 can correct the 
stress intensity factor for crack growth simulation of cold worked hole, by incorporating 
Equations 5 through 13 presented in Chapter 1. 
In the Figure 4.12, two new plots are added to the previous results from Figure 
4.11: the theoretical through crack from the hole and the theoretical corner crack from the 
edge of a plate. It should be noted that the material property used for these plots were 
AA2024-T351 alloy under corrosive environment of 3.5 wt.% NaCl solution, as it was 
the closest material to AA2024-T3 alloy among other materials accommodating for 
corrosion available in the software. However, the properties are similar enough for 
sufficient qualitative comparison. Some material properties used in the software are 
presented in Table 4.7. 
When comparing the two theoretical curves, it can be seen that the through crack 
from the hole will result in a shorter fatigue life compared to the corner crack of the hole. 
As mentioned in Chapter 1, the fastener hole is a discontinuity and a critical stress 
concentration in the material. Therefore, it is logical to assume that a crack from the edge 
of an ideal specimen with minimum stress concentration would lead to a slower ultimate 
failure. In addition, for both theoretical curves, a decrease in total fatigue life compared 
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to the cold expanded specimen without the saline solution can be seen. This is because 
the material properties of the material declined due to the corrosive condition. 
 
 
Figure 4.12  Crack growth comparison between experimental results and theoretical 
simulation of a through crack from a hole and a corner crack from the plate edge of an 
AA2024-T351 alloy under corrosive condition.  
 
Table 4.7 
Material properties of AA 2024-T351 alloy under influence of 3.5 wt.% NaCl solution 
Property Value 
Yield Strength 345 MPa (50.0 ksi) 
Ultimate Strength 427 MPa (62.0 ksi) 
Effective fracture toughness, Kie 48.0 (48.0) 
Plane strain fracture toughness, Kic 34.0 (34.0) 





The theoretical curve for the corner crack from the edge of a plate in Figure 4.12 
was simulated for an initial crack length and depth of 0.25 mm (0.01 in.). This value was 
found by an iterative process to find an initial crack length that would yield a total fatigue 
life of approximately 59,413 cycles seen from specimen 2. Results from the simulation 
indicated that the crack tolerates 59,117 cycles until failure at critical crack length of  
9.40 mm (0.37 in.) and that an estimated number of cycles to crack initiation be 
2,265,383 cycles. This means that for the material to fail as it did for specimen 2, an 
initial crack length of 0.25 mm must be present early on during the crack propagation 
process. It is very possible that cathodic particles near the edge of the specimen corroded 
to cause a pit formation, as described by Nicolas et al. (2019), causing the crack 
propagation to move rapidly than simulated. 
On the other hand, the theoretical curve for the through crack at the hole indicates 
a significant difference compared with the specimen 1 results. The curve illustrates a total 
fatigue life of 55,169 cycles and a critical crack length of 15.54 mm (0.612 in.). The 
actual life was 53% of that, failing at only 29,433 cycles. 
Combining the results from the comparison, it is likely that the simulations do not 
represent the entire picture, as it only takes into account of the mechanical material 
properties of the material leaving out the electrochemical aspect of corrosion. Associated 
with that, it is known that AA2024-T351 used in the analysis has a slightly better fatigue 






The objective of this research was to determine the impact on fatigue life of a 
mechanically fastened joint in presence of a corrosive environment using an AA2024-T3 
specimen with a pre-cracked hole that has been treated with cold work expansion. Based 
on a prior experiment proving the effectiveness of cold work expansion on a pre-existing 
flaw at a fastener hole, this work aimed to establish a relationship between new crack 
formation and crack propagation by adding galvanic corrosion into the question. The 
application of cold work expansion on structural joints during manufacturing has been 
under investigation for many years and its effectiveness has been acknowledged. 
Furthermore, the effectiveness of expansion onto cracked fastener holes has also been 
demonstrated. However, the potential benefits of cold work expansion on a cracked hole 
in addition to a corrosive environment had not been considered in previous works. In this 
research, an AA2024-T3 specimen with a pre-cracked fastener hole was tested to 
examine its crack growth and ultimate fatigue life under the influence of galvanic 
corrosion induced by the Type 316 stainless steel bolt and nut.  
Conclusions of this research will be presented in this chapter along with 
recommendations for future works regarding cold work expansion treatments on  
pre-cracked fastener holes. 
 Remarks    
Upon conducting the first fatigue testing, the fatigue life of the cold expanded and 
saline treated AA2024-T3 sample showed a decrease compared to the cold expanded 
specimen without the saline solution. However, the fatigue life continued to be larger 
than that of the specimen without the cold expansion treatment by over 4 times. It was 
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determined that the effect of cold work expansion in delaying crack growth remains even 
with the presence of a corrosive condition. No secondary crack was observed during this 
experiment. 
Following the second fatigue testing, ultimate failure was found not at the pre-
cracked hole, but significantly far from the hole edge outside of the compressive stress 
region induced by the cold work expansion. The third fatigue testing demonstrated 
similar results as the second fatigue testing in that the location of the ultimate failure was, 
again, found out of the compressive zone caused by the cold expansion. Examination of 
the fracture from both second and third fatigue testing exhibited signs of a shift in the 
location with the critical stress intensity factor.  
The specimen benefited from cold work expansion, as demonstrated in previous 
works, in reducing the stress intensity factor of the initial crack. However, because of this 
reduction, the corrosion is likely to have created a new site away from the compressive 
region where the new crack initiated and became the critical path to failure. Additionally, 
parallel cracks caused by corrosion may form around the hole border due to local 
corrosive pit formation under residual stress (Nicolas et al., 2019), resulting in a 
reduction of stress intensity factor at the original crack tip, a decrease in crack growth 
rate, and a promotion of a new crack away from the original crack. 
Under corrosion we have seen that the fatigue critical location of a plate with a 
cold worked hole migrated from the hole to the edge of the plate, out of the compressive 
region as the location of the critical stress intensity factor moved. At the edge of the plate, 
corrosion may induce rapid crack initiation due to pitting formation. It is also clear that 
the effect of the galvanic corrosion was not only at the vicinity of the cathode, but was 
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expanded for all the region subjected to the corrosive environment. The secondary cracks 
for specimens 2 and 3 formed more than 20 mm away from the cathodic Type 316 
stainless steel bolt.   
Lap joints with cold worked holes and connected by dissimilar material fasteners, 
which have been previously analyzed for crack propagation under corrosive environment, 
must be reanalyzed considering an additional edge crack out of the compressive zone of 
the structural joint. The inspection intervals must also be reevaluated based on the most 
critical crack propagation rate under presence of aggressive environment.  
 Recommendations 
This research demonstrated the benefits of fatigue life extension by cold 
expansion on a pre-cracked fastener hole, as well as its potential concerns when subjected 
to a corrosive environment. Further investigation into this topic is recommended for 
improved analysis. In this section, potential future works are discussed regarding 
improvements to obtain better results and new investigations for exploration. 
Comprehensive monitoring of the area under corrosion 
For new experiments, it is recommended to not only follow the path of the main 
crack, but to expand the view for potential critical cracks forming far from the hole. Data 
of the crack leading to the ultimate failure will provide a better fitting curve and material 
properties for the specific environment. For the same purposes, another approach is to 
keep the corrosion confined to the hole region and to polish the edge of the specimen in 
aid to better control and predict the location of the crack growth or initiation. 
Local investigation of the initiation site with Scanning Electron Microscope (SEM) 
This research places emphasis on the effects of cold expansion and the resulting 
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residual stress on the crack growth in a corrosive environment. As seen from the 
theoretical curves, corrosion has shown significant effects on the crack growth. 
Therefore, the electrochemistry aspect of the material should be examined along with the 
microstructure of the material. As the new crack starts, the specimen can be removed and 
observed under SEM in order to identify the cause of the new crack initiation. As 
observed by Nicolas et al. (2019) the probable cause could be a local corrosion around a 
cathodic precipitate, but further analysis will be needed for confirmation. 
Striation counting under SEM 
The fractured specimen can be cut and prepared in order to observe the crack 
surface under SEM. With this, identifying the local pit formation at the plate edge, the 
point of crack initiation, the initial crack size, and the propagation path for specimen 2 
and 3 will be possible. Using striation counting technique, we can estimate the number of 
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